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The reaction of ethanol over unreduced and H,-reduced 1 wt%
Pt/CeO, has been investigated primarily by temperature-pro-
grammed desorption (TPD) and in situ Fourier transform infrared
spectroscopy (FT-IR). Steady state reactions have been conducted
to provide information regarding the kinetics of the above reaction.
Characterisation of the catalyst has been achieved through the use
of XPS and titration of surface metal sites with CO. XPS stud-
ies have shown that the addition of Pt partially reduces the CeO,
surface, as indicated by the decrease in the O/Ce ratio from the stoi-
chiometric value to 1.59. FT-IR studies have shown that ethanol
adsorbs dissociatively to form two types of ethoxides (monoden-
tate and bidentate). The presence of Pt resulted in a Av(C-O) =
ca. —20 cm™?, for both species, with respect to observed ethoxide
band positions on CeO; alone. This shift may indicate that these
species are perturbed due to the presence of Pt>* clusters and the sur-
face oxygen vacancies associated with them. The oxidative dehydro-
genation of these ethoxide species produces acetaldehyde on both
the unreduced and Hj-reduced Pt/CeO- surfaces. Adsorbed croto-
naldehyde species were observed and characterised by bands at 1657
and 1632 cm~? corresponding to v(C=0) and v(C=C), respectively.
TPD experiments have shown that between unreacted ethanol and
acetaldehyde, benzene is produced in appreciable amounts from
both the unreduced and H,-reduced surfaces of Pt/CeO,. The for-
mation of benzene has been postulated to proceed via reaction of
surface-bound crotonaldehyde and acetaldehyde species. Addi-
tional studies involving the adsorption of CO over H,-reduced CeO,
and Pt/CeO; have been conducted. FT-IR results show that CO does
not adsorb appreciably on CeO,. In addition to linear and bridged
CO species, a tilted CO species was identified, by a broad band at
ca. 1704 cm~1, on Pt/CeO, following adsorption of CO. Carbonite
species (1325, 1297, 1190, and 1082 cm™1) were also detected on
Pt/CeO, following adsorption of CO and subsequent heating. TPD
following CO adsorption on both CeO; and Pt/CeO; have shown
that the predominant desorption product is CO,. CO, desorbs from
both CeO, and Pt/CeO; in three temperature domains. The lower
desorption temperatures, 400 and 525 K, correspond to oxidation
of CO to CO; and decomposition of formate species, respectively.
The high-temperature (700 K, CeO; and 578 K, Pt/Ce0O,) CO; des-
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orptions arise from the decomposition of hydrogenocarbonates and
carbonate species.  © 2000 Academic Press

INTRODUCTION

The interest of this study was largely motivated by the
use of ceria (CeO,) in automobile exhaust catalysts (three-
way catalysts, TWC) and the environmental and health con-
cerns associated with the use of oxygenated fuel compo-
nents with such systems. The improved performance and
efficiency of exhaust systems is fundamental in reducing
the high levels of toxic pollutants emitted into the atmo-
sphere. Since their introduction in the mid-1970s, catalytic
converters have been instrumental in controlling automo-
tive exhaust emissions by simultaneously oxidising CO and
hydrocarbons and reducing NOs.

Furthermore, increasing environmental and health con-
cerns arising from high levels of automobile exhaust emis-
sions has prompted many industrialised countries to intro-
duce legislation mandating reductions in toxic emissions.
As aconsequence, oxygenated compounds, such as alcohols
and ethers, are increasingly being used as fuel additives and,
in the case of alcohols, also as alternative sources of fuel.
Although alcohols are considered to be clean burning fuels,
their partial oxidation to aldehydes poses a greater threat
as potential carcinogens. The problem of effectively con-
trolling the emissions caused by burning these oxygenated
compounds requires a better understanding of the reaction
pathways along which the desired conversions occur on cur-
rent commercial catalyst systems. This greater understand-
ing will thus facilitate the development of more suitable
catalyst materials.

Hydrogen reduction of CeO; has been reported to be-
gin at 473 K and to be a surface process, with tempera-
tures above 923 K required for bulk reduction (1). Follow-
ing treatment at high temperature in an oxygen-containing
atmosphere, the oxidation of the metal in M/CeO; is pro-
moted by ceria to a M-O complex. Such species have been
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detected at ca. 700 cm~* on Pt/CeO, with the use of Raman
spectroscopy (2). The formation of M-O complexes have
also been identified spectroscopically from other noble
metals, demonstrating that the formation of an oxidised
metal M*/CeO; is a rather general phenomenon. Support-
ing noble metals on ceria or CeO,-containing materials dra-
matically changes their redox behaviour. The addition of
a few percent of a noble metal is reported to effectively
promote the reduction of surface oxygen only (1, 3). Evi-
dence of this effect has also been observed in XPS studies
conducted within this laboratory (4): the addition of noble
metals to the CeO; was found to effectively decrease the
atomic oxygen-to-cerium ratio, thus indicating a reduction
of the CeO, surface.

Alcohols have been found to adsorb to various metal ox-
ide surfaces by heterolytic dissociation of the O-H bond,
with the proton going to a surface lattice oxygen and the re-
maining alkoxide fragment adsorbed to the surface cation.
For example, adsorbed methoxide species have been spec-
troscopically detected upon adsorption of methanol on var-
ious oxide surfaces, including CeO; (5-7), ZnO (8), Al,O3
(9) and MgO (10). The decomposition of alcohols over
metal oxides can occur via dehydration (to alkenes), de-
hydrogenation (to aldehydes or ketones), or oxidation (to
carboxylates) reactions. In some instances, coupling and bi-
molecular hydrogenation reactions can occur to produce
higher hydrocarbons. The main body of literature on al-
cohol reactions over CeO,-containing catalysts consists
of predominantly of methanol oxidation. Spectroscopic
studies by various authors have identified three methox-
ide species (monodentate, bidentate, and tridentate) from
the adsorption of methanol on CeO, (5, 6, 11, 12). Sim-
ilarly, previous work involving the reaction of ethanol
over CeO, and Pd/CeO, showed that ethanol adsorbed
via dissociation of the O-H bond to form ethoxide species
(13).

Dehydrogenation of primary alcohols to aldehydes has
been widely observed on various oxide surfaces. Subse-
quently, the oxidation of these aldehydes may result in the
formation of carboxylate species if the surface contains oxy-
gen of sufficient mobility. Other reaction pathways have
also been observed on oxide surfaces from C, oxygenates,
such as the following:

(1) Carbon-carbon bond formation from aldehydes is
possible through aldolisation reactions. In particular, the
B-aldolisation of two acetaldehyde molecules, with subse-
quent dehydration, produces crotonaldehyde. Such a reac-
tion on a surface would require Lewis acid and base sites to
bind the two molecules and abstract an «-hydrogen. Cro-
tonaldehyde formation has been observed on the surfaces
of CeO; (14), TiO, (15), Al 03 (16), and 8-UO3 (16) among
other surfaces, upon the adsorption of acetaldehyde.

(2) Abstraction of a hydrogen atom from acetaldehyde
can yield an acetyl species, CH3C=Oaqs); (ads): adsorbed.

Acetyl species have previously been observed from ethanol
on Pd(111) (17) and from acetaldehyde on Pd(110) (18),
Pd/CeO, (14), and Pt-Na/SiO, (19). Further reaction of
an acetyl with an adsorbed methyl group can result in the
production of acetone (14).

(3) Two adsorbed aldehyde molecules may donate their
oxygen to a reduced surface and couple together, forming a
symmetric olefin molecule. This reaction has been observed
on reduced oxides, such as UO; (20), H,-reduced TiO; (21),
Fe3O4 (21), and CeO; (14).

The bonding of CO to surfaces has been frequently ex-
plained by the Blyholder model (22), which essentially
utilises the frontier orbital theory in that only the HOMO
and LUMO of the molecule, namely, the 50 and 2 orbitals,
are involved in the bonding. The bonding is considered to
be derived from contributions arising from back-donation
of electronic charge from the metal into the CO 2r7* or-
bital in conjunction with the donation of electronic charge
from the CO 50 orbital to the metal. Carbon monoxide
is used commonly as a probe molecule in the study of the
surface chemistry of both metals and metal oxides, via ad-
sorption. This is evidenced by the numerous IR studies
involving CO adsorption on various supported and un-
supported oxides, including CeO; (23-26), Pt/CeO; (27),
Pt/TiO; (28), Pd/CeO; (29-31), and Pd/SiO; (32). The ad-
sorption of CO on noble metals is much stronger than that
on oxides

Structure-sensitivity effects of the mode of CO absorp-
tions over transition metals has received considerable at-
tention. For example, it has been found that molecules at
step sites exhibit different wavenumbers from those on ter-
race sites; however, the direction of the shift is dependent
on the nature of the surface. 7-Bonding, involving partially
filled metal d orbitals, occurs between the metal atom and its
surrounding metal atoms. CO molecules will consequently
compete for d electrons of the central metal atom. Sub-
stituents that are not involved in 7 -bonding with the central
metal atom afford stronger z-bonding between the metal
atom and CO. Subsequently, the bond order of the C-O
bond, together with the v(CO) frequency, decreases as the
r-character of the M-C bond increases.

Previous work involving the reaction of ethanol over
CeO,and Pd/CeO, (13) has shown considerable differences
in reaction products and pathways with respect to the ad-
dition of Pd to CeO,. Consequently, the present work is
devoted to understanding the reaction pathways of ethanol
over Pt/CeO,, with attention to discerning any effects due
to the presence of Pt. The surface and the area near the
surface were studied by XPS, CO titration, and BET. The
reactions were followed by TPD and in steady state condi-
tions while the surface adsorbates were monitored by in situ
FT- IR. Parallel work related to CO adsorption modes over
CeO; and Hj-reduced Pt/CeO; surfaces is also presented
and discussed.
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EXPERIMENTAL

Catalyst preparation and characterisation. Pt/CeO,
(1 wt%) was prepared from an aqueous slurry of PtCl,
(in 1 M HCI) with CeO, (preparation described elsewhere
(13)) which was heated (383 K), with constant stirring, until
the formation of paste and then dried at 373 K. Upon dry-
ing, the catalyst was calcined at 673 K for 3 h. Specific sur-
face area measurements were determined by the multipoint
BET method (33). Surface compositions were analysed by
X-ray photoelectron spectroscopy (XPS); experimental de-
tails for the XPS setup were described in a previous work
(13).

The chromatographic or “pulse-flow” technique was em-
ployed for particle size determination. The catalyst was con-
tained in a glass fixed-bed reactor cell. The outflow of the
reactor was connected to a three-way valve capable of di-
verting the gas flow either to the TCD or out to a waste
stream. The catalysts investigated in this study were re-
duced under hydrogen flow at 523 K overnight and then
cooled to room temperature under hydrogen flow. The sys-
tem was then purged with helium for 15 min and the gas
flow from the reactor diverted to the TCD. Carbon mono-
xide was introduced into a 0.25-ml sample loop and a pulse
of CO was admitted into the reactor; additional 0.25-ml in-
jections of CO were made until no further adsorption by
the catalyst was detected.

Steady state reactions. Kinetic analysis was conducted
with a fixed-bed reactor fitted in a programmable oven,
with an operating range of up to 673 K and linked to a
gas chromatograph (GC) via a six-way valve (containing a
1-ml loop). Ethanol, in a saturator at 273 K, was introduced
via either a continuous flow of dry air, a mixture of dry air
and helium, or helium only, depending on the experimen-
tal conditions. The GC was equipped with a flame ionisa-
tion detector (FID) and coupled to a PC running PEAK-
SIMPLE I11 software for data acquisition. A Chromosorb
102 column (I=2m, d = 0.318 cm), with nitrogen as the car-
rier gas, was used for the separation of organic compounds
at 373 K. The gas, containing ethanol, was allowed to flow
over the catalysts for 10 min at room temperature before
samples were injected into the GC via the six-way valve. For
Arrhenius plots, ethanol conversion was kept below 10%.

Fourier transform infrared (FT-IR) spectroscopy. IR
spectrawere recorded using a Digilab FTS-60 Fourier trans-
form spectrometer at a resolution of 4 cm~* and 100 scans/
spectrum. Adsorption experiments were carried out in a
stainless steel IR cell equipped with removable CaF;, win-
dows; the construction of this cell was described elsewhere
(34). The catalyst sample was pressed into a self-supporting
disc, ca. 15 mm in diameter. The cell was connected to a
conventional vacuum line maintained at a base pressure of
5 x 107° Torr (1 Torr = 133.3 N m~2) with a diffusion pump.
Because of its basic nature, CeO; binds carbonates readily

and to obtain a clean surface, pretreatment temperatures
greater than 1000 K are often required. In this study, a tem-
perature of 755 K was found to be sufficient. Pretreatment
of the CeO,-supported catalysts involved heating the sam-
ple at 755 K under oxygen (1.50 Torr) for 30 min followed
by evacuation (5 x 10~° Torr) at 755 K for 5 min; this pro-
cedure was repeated once more.

Reduction of the catalysts was achieved by either heating
under H; in batch conditions (for ethanol adsorption) or
by H, flow at atmospheric pressure. In the case of the CO
adsorption experiments, CeO, was reduced at 755 K with
H, flow for 17 h and cooled to room temperature (under H;
flow). Pt/CeO, was reduced (without pretreatment under
O,) under H; flow at 473 K for 14 h and then cooled to room
temperature under H; flow.

A typical IR adsorption experiment involved dosing
ethanol (1.50 Torr), degassed by several freeze—pump-thaw
cycles, or CO (3 Torr), onto the sample at room temperature
for 3 min. A spectrum was taken upon evacuating the cell
for ca. 15-25 min. The cell was then sequentially heated
and spectra were collected, at room temperature (296—
309 K), from 373 to 673 K in 50 K intervals. The spectra
presented in this work are obtained by subtracting the spec-
trum of the catalyst sample prior to adsorption from that
of the adsorbed sample. All spectra were recorded at room
temperature.

Temperature-programmed  desorption. Temperature-
programmed desorption (TPD) experiments of the
ethanol-adsorbed Pt/CeO; were undertaken following the
methods described previously (13). TPD experiments of
CO adsorbed catalysts were performed on 20- to 50-mg
samples of Hy-reduced Pt/CeO, and CeO,. The catalysts
were contained in a 0.7-cm o.d. tubular quartz U-shaped
reactor. Prior to adsorption, the catalysts were reduced
under H; flow for 12 h at 523 K for Pt/CeO, and at 773 K
for CeO,. Upon reduction, the catalyst sample was cooled
to room temperature under H, flow. Carbon monoxide
was adsorbed on the reduced catalyst at room temperature
for ca. 3 min. The outlet of the reactor was then connected
to a pressure interface and the catalyst evacuated to
ca. 1072-10~2 Torr for approximately 15 min to remove any
reversibly adsorbed CO gas. The pressure interface was
differentially pumped to ca. 10~% Torr during operation
by a two-stage rotary pump and was connected to the
high-vacuum chamber (HVC) via a leak valve. The HVC
was maintained at a base pressure of ca. 2 x 10~ Torr.
During TPD runs the pressure of the HVC was raised to
2 x107® Torr by opening the leak valve to the reactor.

The catalyst temperature was raised, from room tem-
perature, to 773 K at a rate of 15 K min~1. The effluent
from the reactor was analysed by a Leda-Mass quadrupole
mass spectrometer that was coupled to a PC equipped
with software (RGA for Windows) for acquisition of mass
peak data. The mass spectrometer used in this study was
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TABLE 1

Summary of Data Obtained from XPS, BET Surface Area Determination, and CO Titration of Surface Sites

BET
Pd(3ds;))  Pt(4f;)  at%Pd®  at% Pt O/Ce®  AO/%M®  COMY  (m2gTY)
CeO;, (13) — — — — 2.44° — 0 57
1 wt% Pd/CeO; (13)  336.3eV
(PdO) — 0.25 — 1.76 0.96 2 55
1 wt% Pt/CeO, 74.0eV
— (PtO) — 0.26 1.59 1.58 35 63

Note. M: Pd, Pt. at.%: atomic percentage.

2 Surface and near surface at.% as determined by XPS, for the as-prepared catalysts.

b XPS O(1s)/XPS Ce(3d)

¢ Isameasure of the degree of reduction of CeO, normalised per M. AO =2 — x, where x = O/Ce. The value of 2 is preferred

because of stoichiometry.

4 Irreversible CO adsorption at room temperature, 1 atm, over Hy-reduced surfaces. The amount of CO adsorbed was
0.23 x 10 and 0.56 x 10 molecules g~* over Pd/CeO, and Pt/CeO,, respectively.
¢ Excess O is due to contributions from surface hydroxyls and carbonates.

limited to monitoring 12 masses/cycle. To identify a product
from mass spectral data, knowledge of the fragmentation
pattern is required. Such patterns can be easily obtained
by scanning the mass range of interest while leaking the
desired gas into the vacuum system. However, lists of frag-
mentation patterns for numerous compounds are readily
available. The relative yields of the desorption products
were determined following the techniques used by other
researchers (15, 35).

RESULTS

A. Characterisation and Steady State Kinetics

Table 1 presents the characteristics of 1 wt% Pt/CeQO,,
together with previously characterised CeO, and Pd/CeO,
(13) catalysts by BET, XPS, and CO adsorption at room
temperature. Both metalsare in an oxidised state in their as-
prepared states. AO/%M (as defined in Table 1) indicates
that Pt has a higher reducing effect than Pd. Although the
surface and near-surface atomic percent of both metals are
very similar, CO adsorption clearly shows that Pt adsorbs
more CO than Pd and thata1 CO/1 M (M = Pd or Pt) ratio
is most likely not a valid assumption for this system.

The reaction of ethanol has been conducted previously
over CeO; and Pd/CeO, (13). The main reaction prod-
uct was acetaldehyde, formed by oxidative dehydrogena-
tion. Similar behaviour was observed for Pt/CeQ; (this
work). The reaction is first order with respect to ethanol
and zero order with respect to oxygen. Table 2 presents
the kinetic parameters of the reaction, including those of
CeO, and Pd/CeO, for comparison. Pt/CeQ; is less active
than Pd/CeO; due to asslightly higher activation energy. Be-
cause of the relatively small activity of CeO, compared to
that of M/CeO,, the errors introduced for calculating the
TON this way are negligible.

B. Adsorption of Ethanol on Unreduced 1 wt% Pt/CeO,

(i) Temperature-Programmed Desorption

Figure 1 and Table 3 present the desorption profile and
fractional yields, respectively, and show the existence of
two distinct temperature domains. Acetaldehyde (m/e 29,
44, and 43) desorbs at the lowest temperature domain of
475 K with a shoulder at ca. 540 K. Ethanol (m/e 31, 45, and
29) desorbs also at 475 K but with a shoulder at ca. 600 K.
Unreacted ethanol contributed to 45% of the total carbon
desorbing. The highest temperature domain consists of sev-
eral products. Methane (m/e 16 and 15) desorbs at 585 K
with a carbon yield of 4.5% followed by CO, and CO, both
at 610 K, representing 6 and 13%, respectively. Consider-
able amounts of benzene (m/e78 and 77) are observed, also
at 610 K, contributing by 24%. Benzene desorption from
ethanol TPD over Pd/CeO; has been observed in a previous
work, however, to a lesser extent (13). Acetone, previously
observed over Pd/CeO; and CeO, during ethanol TPD, is
absent (13). Crotonaldehyde, presumably formed by aldoli-
sation of two molecules of acetaldehyde is observed in trace
amounts at 520 K.

TABLE 2

Summary of Kinetic Data for the Reaction of Ethanol over CeO;
and Pd/CeO; (13) and Pt/CeO, (This Work)

Activation energy, E,  Pre-exponential factor, A TON?
Catalyst (kJ mol™1) (mlgts™) at 400 K
CeO; 75 4% 10° —
Pd/CeO, 40 5 x 10° 8.6
Pt/CeO, 43 6 x 10° 2.6

2 TON: number of ethanol molecules converted per atoms (Pt or Pd)
per second. Atomic percent and BET surface areas required to calculate
TON values are obtained from Table 1.
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FIG. 1. Product desorption profiles from TPD after ethanol adsorp-

tion on unreduced 1 wt% Pt/CeO..

(ii) FT-IR after the Adsorption of Ethanol
over Unreduced 1 wt% Pt/CeO,

The adsorption of ethanol over Pt/CeO, at 309 K
produced a spectrum with bands at 2977, 2633, 2910, 2878,
1902, 1480, 1450, 1399, 1352, 1339, 1264, 1080, and 1037 cm !
attributed to multiple species (Fig. 2a). The formation
of ethoxide species is evidenced by the bands at 2977

TABLE 3
Product Analysis of Ethanol TPD over Unreduced 1 wt% Pt/CeO;

Product Peak temperature (K) Yield Carbon selectivity (%)
Ethanol 475 0.45 —
Acetaldehyde 475 0.035 6.4
Methane 585 0.045 8.2
Benzene 610 0.24 43.6
Crotonaldehyde 520 Traces —

Acetone — 0 0
CO 610 0.13 0.23
CO, 610 0.06 10.9
Butene (m/e 56) 520 Traces —

(vas(CH3)), 2933 (vas(CH2)), 2910 (vs(CH)), 2878
(vs(CH3)), 1480 (8(CHy>)), 1450 (8a5(CH3)), and 1399 cm™!
(8s(CH3)). Previous work over Pd/CeO;, has shown the
presence of two ethoxide species identified as mono- and
bidentate species at 1078 and 1037 cm™, respectively (13).
By analogy, the bands at 1080 and 1038 cm~* are attributed
to the (v(C-0)) vibration of mono- and bidentate species,
respectively (more details are given in the Discussion).
Table 4 presents the types of alkoxide species and their
corresponding v(C-O) bands observed over CeO, and
M/CeO,. Ethoxides over both Pd/CeO, and Pt/CeO,
surfaces have shifted to lower wavenumbers by ca. 20 cm~?
when compared to those observed over CeO; (a rationali-
sation of this behaviour is given in the Discussion).

The small band at 1902 cm™! is attributed to bridged
CO species. The band at 1264 cm™! is assigned to (CH),
although §(OH) also gives a similar band. The negative
band at 1601 cm~! is due to water removal upon adsorp-
tion. This most likely results from dissociative adsorption of

Absorbance
8€0L

2950 2450 1950 1 1450 950
Wavenumber /cm’
FIG. 2. IR spectra of (a) unreduced 1 wt% Pt/CeO, and (b) H,-

reduced 1 wt% Pt/CeO, following adsorption of ethanol at room tem-
perature.
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TABLE 4

Observed Wavenumbers for v(C-0) Bands of Ethoxide
and Methoxide Species on CeO,

Ethanol/  Ethanol/
Ethanol/ Methanol/ Methanol/ Pd/CeO, Pt/CeO,
Assignment CeO, (13) CeO,(5) CeO; (6) (13) (this work)
v(C-0)-t 1013 — —
v(C-0)-b 1057 1050 1057
1031 1037 1038
v(C-0)-m 1107 1103 1104 1078 1080

Note. m, monodentate; b, bidentate; t, tridentate.

CH3CH,O0H over surface OH, resulting in water forma-
tion that starts to outgas. It may also be due to displace-
ment of irreversibly adsorbed H,O by ethanol.

Heating to 373 K (Fig. 3a) caused small variations in
the spectrum, while heating to 473 K (Fig. 3c) resulted in
considerable changes. In addition to attenuation of etho-
xide/ethanol peaks including the 1268-cm~! band, four
bands at 1352, 1545, 1580, and 1700 cm~ are observed.
The bands at 1352 and 1580 cm™! are attributed to the
symmetric and asymmetric stretches of v(OCO) of a car-
boxylate species. The low wavenumber of the symmetric
band suggests formate rather than acetate species (pre-
sumably formed via the CO recombination reaction with
surface hydroxyls); it is also worth noting that the bridged
CO band has decreased in intensity. CO adsorption over
Pt/CeQO; presented below (Fig. 11) also shows formate for-
mation. A band at 1700 cm~! is observed; ethanol adsorp-
tion over Pd/CeO; has also shown the presence of a simi-
lar band, which is attributed to adsorbed n'-acetaldehyde
(13). The production of acetaldehyde during ethanol TPD
over both Pd/CeO, (13) and Pt/CeO, (this work) is an ad-
ditional agreement to the attribution of the 1700 cm~* band
to n'-adsorbed acetaldehyde (parallel IR spectra after ad-
sorption of acetaldehyde over Pd/CeO; have also shown
the presence of this band). This species is formed by the
dehydrogenation of ethoxides.

Heating the catalyst to 523 K resulted in a further de-
crease of ethoxide species with a concomitant increase
of the n'-acetaldehyde band (1701 cm™'). The bridged
CO band at 1900 cm™! disappeared and a weak band at
2128 cm~! appeared. This latter band is due to weakly
adsorbed linear CO over Pt’. Both bands at 1354 and
1580 cm~! (formate species) slightly increased in intensity.
A band at 1534 cm~! accompanied by another at 1387 cm™!
appeared. These bands are attributed to carbonate species.
Other carbonates of oxide materials also gave these bands;
these include «-Cr,Oz (1560/1340 cm™?), La,Os (1560/
1340 cm~Y), Co30, (1545/1324 cm™1), and Nag (Ce(CO3)s) -
12 H,0 (1560/1370 cm~1) (36). Two distinct bands at 1657
and 1632 cm~! are observed. We have previously studied
these two bands (also observed over Pd/CeO;) and at-

tributed them to v(C-O) and (v(C=C) and p(CHs) of ad-
sorbed crotonaldehyde species (13).

At 573 K, carbonate species increased and a 1430-cm™!
band also appeared. This latter band is attributed to a
symmetric carbonate species. By 623 K mainly carbonate
species are present on the surface (1628, 1529, 1429, and
1373 cm™1). A small peak at 2122 cm™ is still observed.
The origin of this peak will be discussed latter.

C. Adsorption of Ethanol on H,-Reduced 1 wt% Pt/CeO,

(i) Temperature-Programmed Desorption

Carbon selectivity and fractional yields of reduced Pt/
CeO; are shown in Table 5 while the desorption profiles

x5

5
&
=
]
=
[
=
7]
=
<
¥ Ll L]
2085 1835 1585 1335
-1
Wavenumber / cm
FIG. 3. IR spectra of unreduced 1 wt% Pt/CeO, following adsorp-

tion of ethanol at room temperature and heated to (a) 373 K, (b) 423 K,
(c) 473 K, (d) 523 K, (e) 573 K, and (f) 623 K.
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TABLE 5
Product Analysis of Ethanol TPD over H,-Reduced Pt/CeO;

Peak Carbon
Product temperature (K) Yield selectivity (%)

Ethanol 465 0.40 —
Acetaldehyde 465, 665 0.04, 0.065 6.8,10.8
Methane 525, 665 0.22,0.05 36.7,8.8
Benzene 695 0.15 25.4
Crotonaldehyde — 0 0
Acetone 695 0.001 0.2
CO 695 0.05 8.1
CO, 695 0.02 35

are given in Fig. 4. The reduction of Pt/CeOQ; initiates dif-
ferent behaviour compared to that of the oxidised sam-
ple: (1) With the exception of the first acetaldehyde and
ethanol desorptions, all products desorbed at higher tem-
peratures. (2) Acetaldehyde desorbed in a distant peak in
the high-temperature domain (665 K). (3) Benzene desorp-
tion shifted to 695 K and contributed to 15% of the carbon

Uncorrected Desorption rate (A.U.)

400 500 600 700
Temperature / K

300 800

FIG. 4. Product desorption profiles from TPD after ethanol adsorp-
tion over H,-reduced 1 wt% Pt/CeO,.
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FIG.5. IR spectra of H,-reduced 1 wt% Pt/CeO, following adsorp-
tion of ethanol at room temperature and heated to (a) 373 K, (b) 423 K,
(c) 473 K, (d) 523 K, (e) 573 K, and (f) 623 K.

yield (about 60% of that observed on the unreduced sur-
face). (4) Trace amounts of acetone (m/e 58, 43, and 15)
were formed (695 K). (5) Crotonaldehyde desorption is not
observed. (6) The reduced surface is slightly more active
toward ethanol, evidenced by a decrease of the unreacted
ethanol contribution to 40% while acetaldehyde desorption
has increased 3-fold.

(i) FT-IR after the Adsorption of Ethanol
over H,-Reduced Pt/CeO,

Figure 2b presents the absorption bands following etha-
nol adsorption over the H,-reduced Pt/CeO, surface at
303 K. Very similar bands to those observed over the
unreduced surface are also present on the reduced surface
with two exceptions, however. The negative water peak is
much smaller; this is expected since the majority of sur-
face hydroxyls have been removed by H;, reduction. A
small peak at 1692 cm™! is also present and is attributed
to n'-adsorbed acetaldehyde. Acetaldehyde formation was
detected at 423 K (Fig. 5b) over the unreduced catalyst;
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i.e., acetaldehyde is formed at ca. 100 K lower in this case.
Heating the surface to 373 K (Fig. 5a) did not cause major
changes. Acetaldehyde has increased slightly in intensity
and a distinct 1600-cm~! band (attributed to water) is ob-
served. The latter may result from hydroxyl recombination
with H atoms left on the surface upon reduction (hydrox-
yls, in this case, are formed from ethanol dissociation to
ethoxides over O anions).

By 473 K (Fig. 5¢), the acetaldehyde band (at 1698 cm™2)
has further increased in intensity. A band at 1144 cm™!
is clearly observed. This band is also characteristic of ad-
sorbed acetaldehyde species (v(C-0O), v(C-C)). A band at
1051 cm~! is detected in the v(C-O) region. At 523 K,
IR bands attributed to ethoxide species have decreased
in intensity. Evidence of the formation of crotonaldehyde
species is given by the presence of two bands at 1634 and
1659 cm~L. Carbonate species have also started to emerge
(bands at 1536, 1435, and 1385 cm™); the acetaldehyde
band was still intense (1703 cm™1), however. Heating the
surface to 573 K resulted in considerable formation of car-
bonate species (1532 and 1428 cm~1) and total disappear-
ance of the bridged CO species at 1890 cm~. In contrast,
two bands at 2101 and 2120 cm~! were clearly observed.
At 623 K carbonates are the dominant species on the sur-
face, although the two bands, 2101 and 2116 cm—?, were still
present.

Figure 6 presents the relative intensities of ethoxides,
acetaldehyde, and carbonates IR bands as a function of
reaction temperature for both unreduced and H,-reduced
surfaces. As expected, the formation of carbonate species
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FIG. 6. Plot of relative intensity of ethoxide, acetaldehyde, and car-
bonate bands, from IR of ethanol adsorbed Pt/CeO,, as a function of
temperature: u, unreduced; r, H,-reduced.

start at higher temperatures on the reduced catalyst. The
appearance of acetaldehyde on the reduced surface at
lower temperatures indicates that the dehydrogenation of
ethanol to acetaldehyde requires a lower activation energy
than the unreduced one, although the relative abundance
of acetaldehyde species on the unreduced surface is higher.
Ethoxide behaviour is not considerably affected by the
reduction.

D. Adsorption of CO on H,-Reduced CeO,

(i) Temperature-Programmed Desorption

TPD experiments on Hp-reduced CeO; and H,-reduced
Pt/CeO; following CO adsorption were conducted to de-
termine the existence, if any, of a relation between the des-
orption profiles of CO from TPD and the types of adsorbed
CO (e.g., linear and/or bridged) and other adsorbates de-
tected in IR studies. For instance, CO desorption from the
Rh(111) and Rh(110) single-crystal surfaces exhibits des-
orption peaks at ca. 500 K and a shoulder at ca. 425 K (37,
38). The peak at 500 K was said to be due to the desorp-
tion of linearly bonded CO, while the shoulder at ca. 425 K
was due to the desorption of bridge-bonded CO species.
Furthermore, Diaz et al. (39) have reported that TPD fol-
lowing the adsorption of CO on Hy-reduced y-Al,O3 pro-
duced a desorption peak at 170 K, which was assigned to
the desorption of CO from AP+ sites. Desorption peaks at
170 and 500 K were detected upon TPD of CO-dosed 5%
Rh/AIl,O3 and were assigned to CO desorption from ARt
sites and the Rh overlayer, respectively.

TPD following the adsorption of CO at 296 K on prior
H,-reduced CeQ;, is presented in Fig. 7 and shows desorp-
tion profiles of m/e 44 (CO,), 18 (H0), 2 (Hy), and 28
(CO). Other masses that were monitored but not observed
included m/e 29 (-CHO, for aldehydes), m/e 15 (-CHg, for
alkanes), m/e 14 (-CH,, for alkenes), m/e 31 (-CH,OHT,
for alcohols), and m/e 27 (CH,=CH-, for alkenes). m/e
16 was also observed but the absence of m/e 15 indicated
that it is due to O fragments of m/e 44: CO,. FT-IR stud-
ies have shown a band at 2121 cm~! on the blank, H,-
reduced CeQO; surface. This peak, which might be attributed
to weakly adsorbed CO over Ce3*, did not increase in in-
tensity upon further CO adsorption at room temperature.
However, it did decrease considerably upon heating at el-
evated temperatures to a third of its original intensity at
670 K. The weak desorption profile of CO observed in
Fig. 7 may thus be in agreement with the decreasing inten-
sity of the 2120-cm~! band and its attribution to weakly ad-
sorbed CO.

CO, was desorbed in three temperature domains: 400,
525, and 700 K. The first peak is in agreement with previ-
ously observed TPD of CeO,, which was subjected to prior
reaction with CO/H; at 488 K (1 atm) (40). This desorption
indicates the capacity of CeO; alone to oxidise CO to COy,
even at low temperatures. The second desorption at 525 K
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FIG.7. Desorption profiles of selected masses from TPD of Hy-

reuced CeO; following adsorption of CO at 296 K.

may be attributed to formate decomposition into CO, and
CO. Formates are most likely formed through CO reaction
with surface hydroxyls:

CO + OH(S) —> HCOO(adS); [1]
HCOOgs) — CO; + 3H,at525K. [2]

The third desorption at 700 K also coincides with H, (m/e 2)
desorption. Thisthird CO, desorption at 700 K is most likely
due to the decomposition of hydrogenocarbonates and car-
bonates.

The complementary nature of TPD and IR is well illus-
trated in Fig. 8, of which shows CO and H,O desorptions
during TPD superimposed over the negative IR bands at
2121 and 1611 cm~L. The profile of the depletion of surface
adsorbates, H,O, and that of CO at 2121 cm™—%, matches per-
fectly with the TPD peaks of CO and H,O. For example, by
550 K where no major changes in the water band intensity
was observed (FT-IR), the major H,O desorption (TPD)
has occurred.

(i) FT-IR Spectroscopy

The spectrum obtained after the exposure of CeO,, with
prior H; reduction at 770 K, to CO at room temperature
(297 K, evacuated to 5 x 10~° Torr) shows that CO does not
adsorb appreciably on CeO; (Fig. 9). In effect, the undosed
surface contains a peak at 2121 cm™*. This peak might be
attributed to irreversibly adsorbed CO species over Ce*3
cations (29). The latter is formed from the surface (as well
as bulk) carbonate decomposition (reduction) during H,
pretreatment. Other work has suggested that this peak may
also be due to the 2Fs;, — 2F7, transition of Ce*? cations
(7). This latter assignment will be discussed later. Thus, this
observation suggests that adsorbed bridged CO species,
observed in Figs. 2, 3, and 5, are adsorbed on the metal
rather than on the oxide support. Heating the surface to
373 K accentuated the negative peak attributed to water
at 1611 cm~L. The negative features at ca. 2121 cm~* may
indicate loss of adsorbed CO. Weak bands at 1482, 1441,
and 1348 cm~! were detected (carbonates). The intensity
of these bands increased with temperature, except for the
band at 1482 cm~! which was eliminated by 673 K.
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FIG. 8. Intensities of the negative bands detected at (a) 1611 cm~and

(b) 2121 cm~* corresponding to the loss of water and CO, respectively,
superimposed against the desorption profiles for water (m/e 18) and CO
(m/e28) obtained from the TPD of H,-reduced CeO; following adsorption
of CO at 296 K.
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FIG.9. IR spectra of H,-reduced CeO, following adsorption of CO

at (a) 297 K and heated, under vacuum, to (b) 373 K, (c) 473 K, (d) 573 K
and (e) 673 K.

E. Adsorption of CO over H,-Reduced 1 wt% Pt/CeO,

(i) Temperature-Programmed Desorption

Figure 10 presents the desorption profiles for m/e 44
(COy), 18 (H0), 2 (Hy), and 28 (CO) obtained from TPD
after the adsorption of CO at 296 K over Pt/CeO, previ-
ously reduced under H, at 523 K. The desorption profiles
did not appear to differ significantly from those of CeO..
CO,was again desorbed in three temperature domains: 400,
525,and 578 K. The first desorption peak at 400 K, occurring
at the same temperature observed for the first CO, desorp-
tion on CeO,, coincided with a weak H; desorption peak
at the same temperature. However, the corrected amount,
per unit area, of CO, desorbing is ca. 0.5 times smaller than
that of CeQO; alone. Formate species were detected in FT-
IR spectra following the adsorption of CO on H,-reduced
Pt/CeO, at room temperature (Fig. 11a). However, these
species were eliminated upon heating to 373 K. Thus, the

CO;, desorption at 400 K may be due to both formate de-
composition and direct oxidation of CO to CO,. A second
CO,desorptionoccurred at 525 K, coinciding with the tail of
the H, desorption peak at 400 K. This desorption, not very
well resolved, may be due to formate species in a different
environment, probably far from Pt sites. The third CO, des-
orption at 560-600 K, occurring with the desorption of H,
arises from the decomposition of hydrogenocarbonate and
carbonate species probably assisted by Pt.

(i) FT-IR Spectroscopy

Figure 11a presents the spectrum obtained upon adsorp-
tion of CO on H,-reduced Pt/CeQ, at 295 K. Bands at 2068,
1844, 1765, 1704, 1561, 1370, and 1327 cm~* were observed.

Bands attributed to adsorbed CO. The strong band at
2068 cm~Lis attributed to linearly adsorbed Pt>~CO species
and the band at 1844 cm™! correlates well with 2-fold
bridged CO species adsorbed on Pt(111) surfaces (41-43).
The band at 1765 cm~1 is likely to denote the presence of
3-fold bridged CO species. A similar band at 1795 cm ™! was
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FIG. 10. Desorption profiles of selected masses from TPD of Hy-

reduced Pt/CeO, following adsorption of CO at 296 K.
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(A) IR spectra of H,-reduced Pt/CeO, following adsorption of CO at (a) 297 K and heated, under vacuum, to (b) 373 K, (c) 423 K, and

(d) 473 K. (B) IR spectra of Hp-reduced Pt/CeO; following adsorption of CO at 297 K and heated, under vacuum, to (e) 523 K, (f) 573 K, (g) 623 K,

and (h) 673 K.

reported by De la Cruz and Sheppard (44) from the adsorp-
tion of CO on Pt/SiO, at 300 K. The band at 1704 cm™! is
not related to an adsorbed formaldehyde species. TPD after
CO adsorption (see above) shows the absence of formalde-
hyde desorption. Thus, it is most likely related to a tilted
CO species, adsorbed through both the carbon and oxygen
ends (19, 30). Upon heating the sample to 373 K (Fig. 11b),
the band at 2068 cm~! was shifted to 2072 cm~* with a shoul-
der at ca. 2000 cm~L. The spectrum obtained upon heating
to 423 K shows an additional shoulder at 2035 cm~1. A
third shoulder was detected at ca. 1920 cm™ following an
increase in temperature to 473 K. A significant decrease
in the intensity of the band envelope was observed upon
heating to 523 K (Fig. 11e), with the band at 2072 cm™*
downshifted to 2068 cm~! and the formation of a promi-
nent peak at 2029 cm~*. By 573 K the bands at 2068 and
2029 cm~! were completely eliminated, with a weak band at

2016 cm~! persisting. The bands corresponding to adsorbed
COdisappeared by 623 K. The negative bandsat 2122, 2060,
1979, and 1610 cm~! (Fig. 11h) are due to residual species
present on the H,-reduced Pt/CeO; background spectrum.

Bands attributed to formate species. The weak bands at
1561 and 1370 cm~?, observed at room temperature, are at-
tributed to the asymmetric and symmetric OCO stretches
of adsorbed formate species. The increased intensity of the
negative water peak partially masks the asymmetric mode
of formate. However, the symmetric band at 1370 cm™!
shows an increase at 373 K followed by a decrease at 423 K.
By 473 K this band became very small.

Bands attributed to carbonite species, (CO3%7). Similar
bands to those observed at 1325, 1297, 1190, and 1082 cm™*
(Fig. 11d) were reported by other workers upon CO adsorp-
tion on CeO; reduced under H; at 873 K (23). The authors
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observed bands at 1300, 1270, 1160, and 1071 cm™! and
attributed them to two types of carbonite dianion (CO%‘)
species (23). The bands at 1300 and 1160 cm~* were assigned
to carbonite species with C,, geometry, whilst the bands at
1270 and 1071 cm~! were attributed to species with Cs ge-
ometry. These assignments were made from a comparison
with spectra of matrix isolated Cs,CO; species. The bands
observed at 1325, 1297, 1190, and 1082 cm~ in this work
agree well with those reported by Binet et al. (23) and hence
are assigned to adsorbed carbonite species, with the bands
at 1325 and 1190 cm~! attributed accordingly to a carbonite
species of Cy, geometry and those at 1397 and 1082 cm™*
to carbonite species of Cs geometry. At 573 K the bands at
1329, 1297, and 1082 cm~ were removed, while the band at
1190 shifted to 1194 cm~2. This latter band (which shifted
to 1200 cm~Y) persisted even after heating to 673 K. Car-
bonates dominated the spectra at high temperatures.

DISCUSSION

A. Ethoxide and Carboxylate Formation

IR spectra have shown that ethanol adsorbs on the sur-
faces of Pt/CeO;, via dissociation of the O—H bond to form
adsorbed ethoxide species. The majority of reactions involv-
ing the adsorption of alcohols such as methanol and ethanol
proceed via an alkoxide species intermediate formed from
the scission of the O-H bond. Interestingly, the bond en-
ergy of the O-H bond (471.0 kJ mol~?%) is much greater
than that of the C-O bond (338.7 kJ mol™!) of an ethanol
molecule (45). One would assume that the adsorption of
ethanol would involve cleaving the C-O bond since it pos-
sesses the lowest bond energy to overcome. Yet the major-
ity of surface studies involving the adsorption of alcohols
have shown that dissociation of the O-H bond predomi-
nates to produce surface alkoxide species. A compilation
of this work can be found in Ref. (46) where the authors
clearly show that it is the O-H bond that first dissociates
over (2 x 1) Pt (110) single-crystal surface. The reason for
this behaviour is due to the phenomenon called the “prox-
imity effect”. Bonds tend to break when they are in rel-
atively close proximity to the surface. The adsorption of
alcohols on ionic surfaces, like CeQO,, is believed to involve
dipole-induced dipole bonds, as shown below.

R—CH,
50—t
§+Ce— O &

The dipole is strongest near the oxygen, and consequently
the interaction with the surface is maximised if the oxygen
of the alcohol is directed toward the surface. The formation

of a metal-oxygen bond (M-0O) is much easier from this
configuration and thus O-H scission dominates.

Table 4 presents the band frequencies of the v(C-O) of
the ethoxides on Pt/CeO; from this work as well as those
over CeO; and Pd/CeO; (13). The v(C-O) bands are situ-
ated at 1057 and 1107 cm~! on CeO, and in the presence
of the noble metal (Pd or Pt) are shifted to ca. 1038 and
1080 cm™L. To assign the species related to these bands,
several points need consideration. First, we need to know
to which element these alkoxides are bound since they can
be bound to Pt or Ce cations. Alkoxide species have been
detected on Pd(111) (44) and Pt(111)—p(2 x 2)O (47); how-
ever, these species have only been stable at low tempera-
tures, 200 and 170 K, respectively. This instability is due to
the large negative enthalpies of adsorption which thermo-
dynamically favour complete decomposition with a corre-
spondingly low activation barrier. First, one thus may con-
clude, given the stability of ethoxides species observed in
this work, that they are over Ce cations. Second, since the
coordination number of Ce cations in CeO; depends on
the surface structure, then a more detailed investigation of
CeO, surfaces may help in assigning the mode of adsorption
of these ethoxides.

Theoretical work investigating the surfaces of CeO, was
conducted by other workers (48). The authors concluded
that the (111), (110), and (310) will dominate the morphol-
ogy of the material. On one hand, the (310) surface (which
isaso-called type I surface; i.e., it is charge neutral with stoi-
chiometric proportions of anions and cations in each plane,
and the potential for each plane is exactly zero due to can-
cellation of the effects of the positive and negative charges
and therefore has no dipole moment perpendicular to the
surface) has distinct step sites. One can view these sites as
active sites for dissociation as well as other reactions. On the
other hand, the (111) surface of CeO; is a type Il surface;
i.e., the surface terminates with a single anion plane and
consists of a neutral three-plane repeat unit and no dipole
moment perpendicular to the surface (48). Although sur-
face energy calculations of relaxed (111), (110), and (310)
surfaces of CeO, are 1.95, 1.575, and 2.475 J m~2 respec-
tively, the (310) is the most stable when surface oxygen
vacancies are formed (48). This is the reason why it is the
most active surface for the oxidation of CO to CO,. Consid-
erable amounts of CO, desorbed during CO TPD of CeO,
may thus be interpreted as indication of the presence of
exposed (310) surface planes.

Figure 12 shows a schematic representation of ethoxides
over the CeO, (310), (111), and Pt/CeO, (111) surfaces. The
(111) surface contains terminating O?~, while Ce** cations
are in the second layer and was recently observed by STM
(49). It is highly unlikely that a nondefected (111) surface
can accommodate ethoxides in a bidentate mode due to
Of,;ttice)—O(ethoxides) electronic repulsion. However, it may
accommodate ethoxides ina monodentate mode if the spac-
ing between two surface oxygen anions is large enough to
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FIG. 12. Schematic depiction of ethoxide adsorption on the (a) CeO; (310), (b) CeO; (111), and (c) Pt/CeO, (111) surfaces. The grey circles
represent the oxygen anions (ionic radius: 1.32 A), the black circles represent the Ce** cations (0.92 A), and the large unfilled circle labelled Pt** can

be considered as a cluster of size, n~ 10.

allow electronic interactions between Oethoxides) and Ce*t
cations in the second layer. Such a mode of adsorption may
be responsible for the 1107-cm~! band observed on CeO,.
On the other hand, the (310) is a stepped surface containing
two alternating Ce** cations in a step-flat configuration and
two Ce** cations in a kink-flat configuration. An ethoxide
may thus be formed over two step-flat Ce** cations, giving
rise to bidentate species observed at 1057 cm™,

Next, we turn to the effect of metal addition on these
two bands. Basically, both configurations are retained but
at lower frequencies. Surface growth and segregation of Pt,
Pd, and Rh over CeO, have been studied by several work-
ers. A theoretical work by Sayle et al. (50) found that (in
the case of Pt) Pt2* are the most stable cations on the CeO,
surface. This is in agreement with our XPS analysis show-
ing lines corresponding to PtO (Table 1). The authors also
found that Pt>* segregate together with oxygen vacancies
on the surface. This also is in agreement with the decrease
of XPS O(1s)/Ce(3d) ratios in the presence of Pd (13) or Pt
(this work) when compared to that of CeO, alone (Table 1).
This latter finding results in modifying the adsorption and
catalytic activity of CeO,. An ethoxide adsorbed on a Ce
cation that is close to an oxygen vacancy, as well as to a Pt
cluster, will be bound to the surface in a stronger mode than
another ethoxide species far from Pt. Indeed, the shift of
the ethoxide bands to lower wavenumbers (over Ce cations
in the presence of metal cations) is in accord with such a pic-
ture. Thus, the two distinct bands at 1080 and 1038 cm ™ are
attributed to v(C-O) of ethoxides at the interface between
Pt (or Pd) and Ce***t—0?~. The shoulder at 1059 cm~? (in
the case of Pt/CeQy) is most likely due to bidentate ethox-
ides over Ce*"3t-0?" centres far from the metal.

On the surface of bare unreduced CeO,, ethoxides were
readily oxidised into acetates; however, on M/CeO; (M =
Pd (13) and Pt), acetate species are not observed. The ab-
sence of acetate formation is another consequence of the
formation of surface oxygen anion vacancies. Basically, the
partial reduction of the oxide support incurred by the ad-
dition of M (creation of oxygen vacancies) inhibit the ox-

idation pathways. The interesting observation is that H,
reduction is not required to block this pathway. More-
over, ethanol-TPD data also shows that CO,/CO ratios are
decreased with increasing degree of reduction, AO/%M:
CO,/CO were 1.17 and 0.46 for Pd/CeO, (13) and Pt/CeQO,
(this work), respectively. AO/%M were 0.96 and 1.58 for
Pd/CeO, (13) and Pt/CeO;, (this work), respectively.

B. Adsorption, Desorption, and Formation of CO

The bands at 2072 and 2035 cm™! correspond to lin-
early bonded CO situated on reduced Pt° sites. The low-
frequency bands at 2035 and 2016 cm~! may indicate the
presence of adsorbed sites of exceptional electron-donating
power, such as on atomically rough parts of the surface
or on isolated corner sites where dipolar coupling interac-
tions are minimised because of the different directions of
the CO vibrator relative to those situated on terrace sites
(44). Such sites can strengthen the bonding between the
CO and the metal surface and thus shift the v(CO) band
to lower frequencies. Indeed, other researchers investigat-
ing CO adsorption over Pd/CeO, observed similar bands.
They assigned the 2072 cm~* to O=C-Pd° without Ce** in-
teraction and the one at 2030 (2035 cm~! for Pt/CeQ; in
this work) to O=C-Pd° with Ce3* interaction. Upon an-
nealing to 423 K (Fig. 11c) a second shoulder is observed at
2000 cm~L. This band is assigned to a compressed bridged
CO (a similar band was observed over Pd/CeO, by other
workers (29)). It is also worth indicating that both shoul-
ders (2035 and 2000 cm™?) become noticeable when the
1844 cm~? (bridged CO) disappears (Fig. 11d).

Tilted CO Species

The broad bands at 1765 and 1700 cm™! (Fig. 11A) are
attributed to a tilted CO species, where both the C and
O ends of the CO molecule are coordinated to the sur-
face. Both bands were eliminated by 573 K, although the
1765-cm~! band appeared to disappear first. Such species
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TABLE 6

Band Positions of Adsorbed CO Species

IR band (cm™%) Assignment (this work)

Similar bands (other works)

2068-2072 OC-Pt0 (without Ce®* interaction)
2035 OC-Pt° (with Ce®* interaction)
2000-1991 Compressed bridged CO on Pt°
1845 Bridged CO on Pt°

1765 Pt>-CO-Ce*

1700-1690 Pt3-CO-Ce®*

OC-Pd° (without Ce** interaction) (29)
OC-Pt{100}-hex (56)

OC-Pd° (with Ce®* interaction) (29)
Compressed bridged CO on Pd (29)

Bridged CO on Pt{100}-hex (56)
Bridged CO on Pt-Na/SiO; (19)
Bridged CO on Ru(001) (57)
Pd’-CO-Ce3* (30)
Rh%-CO-Nb** (58)
Pd3-CO-Ce* (30)
RhJ-CO-Nb** (58)

were frequently observed by other workers. However, a
brief treatment of the effect of surface structures on the
mode of adsorption of CO is worth indicating before men-
tioning other works. Edge and corner sites on metal surfaces
are considered to be the most active sites for carbon monox-
ide adsorption. This is due to the fact that metal atoms at
these locations possess fewer neighbours than those at ter-
races/planes. Consequently, edge and corner sites possess a
greater number of d electrons for 7 -bonding with adsorbed
CO which in turn increases the & character and strength of
the metal-carbon bond.

The presence of a tilted CO mode of adsorption may indi-
cate a degree of support interaction incurred by reduction.
This support interaction is manifested by partial encapsula-
tion of the noble metal by the partially reduced CeO, sup-
port. Partial encapsulation increases the proximity of the
noble metal and oxide support, hence, facilitating the coor-
dination of both the C and O ends of the CO molecule. The
role of Ce cations (acting as promoters) is associated with
influencing the adsorption state of carbon monoxide by (a)
enhancing the back-bonding through the metal, (b) an elec-
trostatic effect, and/or (c) short-range chemical interactions
(19). Noerskov et al. (51) and Van Santen (52) suggested
that the promoter adsorbed on a metal surface creates a
strong electrostatic field. In doing so, the promoter induces
an increased population of the 27* CO orbital placed in the
field created by the promoter. Additionally, the dipole of
the adsorbed CO molecule may be changed as a result of
the enhanced C-O intranuclear distance. The interaction
of the oxygen end of the CO molecule with the support has
been shown to favour dissociation of CO through lower-
ing the activation energy by weakening of the strong C=0
bond (53).

Bands with similar behaviour were reported by Alekseev
et al. (54) on the surface of (1.6%Rh-1.9%Nb)/SiO; re-
duced at 773 K and chemisorbed with 75 Torr of CO. Bands
at 1704 and 1652 cm~! were attributed to Rh—CO-Nb"*

complexes in different coordination environments. Binet
et al. (30) suggested that bands at 1731 and 1628 cm~2, pro-
duced on Pd/CeO, from the adsorption of CO, were due
to tilted CO in the form of Pd,~CO-Ce®*, where n was 1
for the 1731-cm~! band and 2 for the lower frequency band
at 1628 cm~L. Similarly, a band situated at 1660 cm~! upon
adsorption of CO on Rh/ZrO; was attributed to a bridged
CO species bonded to RhC particles through the C atom and
also bonded to the coordinatively unsaturated Zr** ion via
the O atom (55). Thus, by analogy to the above, the higher
frequency band may be due a tilted CO species of the type
Pt—-CO-Ce®* and the lower frequency band may be due a
tilted CO species of the type Pt,-CO-Ce®**. Table 6 sum-
marises the observed CO bands formed from ethanol as
well as CO adsorption.

The Origin of the Band at 2112 cm™?

It has been suggested that a band at 2118-2127 cm™,
observed over evacuated CeO; at high temperatures, is at-
tributed to electronic transition (a 2Fs,, to 2F;, transition)
of Ce®* cations (7). Although this may be plausible, our
data do not agree with such an assignment for the fol-
lowing reasons: (1) CeO,, both reduced and unreduced,
shows the same band (Fig. 13). (2) Although the band at
2121 cm~! did not increase upon CO adsorption and evac-
uation to 5 x 10~° Torr, it did decrease with increasing tem-
perature to a third of its level at ca. 673 K (Fig. 9). Such a
decrease cannot reasonably be attributed to surface oxida-
tion since CO is even a more powerful reducing agent than
H,. (3) TPD after CO adsorption over CeO, shows the des-
orption of CO,, presumably resulting from CO oxidation
(Fig. 7). (4) Ethanol-dosed Pt/CeO; surfaces show the same
band at elevated temperatures when the bridged CO band
disappears (Figs. 3 and 5). Thus, our data suggest that this
band is attributed to CO adsorbed on defected surfaces of
CeO; such as Ce®*" cations.
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FIG. 13. IR spectra of blank undosed (a) unreduced and (b) H-flow

reduced CeO, surfaces.

C. Acetaldehyde Formation

Evidence of acetaldehyde formation was given by its des-
orption during TPD (Figs. 1 and 4) and steady state reaction
as well as by IR (Figs. 2, 3, and 5). Previous work on CeO,
alone has shown only traces of the formation of acetalde-
hyde during ethanol TPD, while IR of ethanol has shown
no evidence of adsorbed acetaldehyde species at all (13).
Thus, Pt considerably enhances the dehydrogenation route.
This enhancement is most likely due to blocking of the di-
rect oxidation route to acetates due to partial reduction
of the support in addition to accelerating the g-hydrogen
elimination as follows:

CHs CHs
NS H
HC. C
| H _ //
H o H O H [3]
R s .
-0 M-O-M' O M-O-M

IR: 1700 cm™, Tp (TPD): 465-665 K

where M is Ce, M'is Ce or Pt, and T is the peak desorption
temperature.

D. Crotonaldehyde and Benzene Formation

Evidence of adsorbed crotonaldehyde species has been
given by IR (Figs. 3 and 5). Crotonaldehyde is the result of
B-aldolisation of acetaldehyde on the surface of CeO,. The
absence of crotonaldehyde over CeO; alone (from ethanol)
is in fact due to the absence of acetaldehyde formation. Pre-
vious work showed the formation of crotonaldehyde from
acetaldehyde over CeO; by TPD as well as IR (14). Croto-
naldehyde was also observed, from acetaldehyde, over
other surfaces such as TiO; (15), Al,O3 (16), and UO3 (16),
(the reaction mechanism was presented and discussed in
other works (15)). Its formation requires, besides Lewis
acid sites at which to bind two molecules of acetaldehyde, a
base site to abstract a hydrogen atom from the a-position of
the carbonyl. However, the amount of crotonaldehyde des-
orbed during TPD is extremely small over the unreduced
catalysts and no detectable desorption was observed over
the reduced one. This latter result can be explained as fol-
lows. Once crotonaldehyde is formed, it can react with an-
other adsorbed acetaldehyde (via the same g-aldolisation
reaction) giving 2,4-hexadienal as follows.

CH3;CH=CHCHOag5) + CH3CHO
— CH3CH=CH-CH=CH-CHO a5, + H,0. [4]

This bulky molecule diffusing slowly in the pores will be sub-
ject to further attack by active sites of the catalyst: in other
words, in contact with Pt it may suffer a C—H bond dissoci-
ation of the methyl group which after intramolecular cycli-
sation followed by H,O elimination may give benzene with
the simultaneous oxidation of partially reduced Ce cations
as shown in Scheme 1. Indeed, considerable amounts of
benzene are observed during TPD.

CONCLUSION

The reaction of ethanol over both unreduced and H,-
reduced Pt/CeO, proceeds via an ethoxide intermediate.
Acetaldehyde, formed by the oxidative dehydrogenation
of these ethoxide species, was observed to undergo
B-aldolisation to form adsorbed crotonaldehyde species.
TPD studies have shown that, in addition to unreacted
ethanol and other reaction products, benzene is desorbed

Hg
— U
N e Ce0sx @907
SCHEME 1. Schematic of proposed mechanism for benzene forma-

tion over Pt/CeOy; 2,4-hexadienal is formed as shown in Eq. [4].
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in appreciable amounts. The formation of benzene most
likely occurs through further reaction of adsorbed croton-
aldehyde with another acetaldehyde species in the vicinity
of Pt clusters.

A rationalisation for the types of adsorbed ethoxide
species on the Pt/CeO, surface has been discussed in terms
of surface morphology of CeO, as well as surface defects
introduced due to Pt clusters. Several modes of adsorbed
CO have been observed; these include linear, bridged,
and tilted. In particular, the presence of tilted CO species
indicates the involvement of metal-support interactions.
In addition, carbonite dianion species have also been de-
tected following the adsorption of CO on the surface of
H»-reduced Pt/CeQ,. Overall, in the reaction of ethanol,
Pt/CeO, behaves similarly to Pd/CeO, (13), although with
considerably greater formation of benzene.
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